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A sizeable charge asymmetry in top quark pair production has been observed at the Tevatron. The 
experimental results seem to exceed systematically the Standard Model theory predictions by a 
significant amount and have triggered a large number of suggestions for 'new physics' . The effect 
is also visible at the LHC, and preliminary results have already been presented by the ATLAS and 
CMS collaborations. In this talk, we review the present status of the theoretical predictions, and 
their comparison with the experimental measurements. 
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1. Introduction 

Top quark production at hadron colliders is one of the most active fields of current theoret- 
ical and experimental studies and most probably the most promising probe of physics be- 
yond the Standard Model (SM). Sizable differences have been observed between theory predic- 
tions ^ 0, Hi for the top quark charge asymmetry and measurements by the CDF and the DO 
collaborations 0, ^ at the Tevatron. The discrepancy is particularly pronounced for the sub- 
sample of tt pairs with large invariant mass, m,,- > 450 GeV, and the asymmetry defined in the tt 
rest frame, where a 3.4a effect has been claimed It is interesting to note, however, that the 
discrepancy is less prominent in the laboratory frame The DO Collaboration also finds positive 
discrepancies with the SM These discrepancies have triggered a large number of theoreti- 



cal investigations, using these results, either to restrict new physics like heavy axigluons |1C, 11] 



or to postulate a variety of new phenomena in the t-channel [O, M3, 14]. At the same time, the 



robustness of the leading order QCD prediction has been studied in [15, [T^, where it has been ar- 
gued that next-to-leading (NLL) as well as next-to-next-to leading (NNLL) logarithmic corrections 
do not significantly modify the leading order result, in agreement with the approach advocated 
in [||, ^ (Note, however, the large corrections observed in Ref. |[T^ for the corresponding studies 
of the ff-f-jet sample). A small modification of the SM prediction arises from inclusion of QED 
corrections. In Ref. ^ this effect was estimated to lead to an increase of the the QCD asymmetry 



by a factor 1.09, in recent analysis [ |18| , [19p, however, an enhancement factor of 1.2 has been ob- 
tained. Obviously this small increase of the SM prediction for the asymmetry cannot resolve the 
discrepancy between theory an experiment mentioned above. 

In this talk we revisit the SM prediction of the top quark charge asymmetry at the Tevatron 



and the LHC [18]. We paid special attention to the electro weak corrections. We summarize the 



experimental measurements of the asymmetry and update the pull of their discrepancy with the 



SM. We also analyze the effect of introducing a cut in the transverse momentum (see also [20]). 
Finally, we introduce a new quantity A„-(F), which measures the forward-backward asymmetry 
with respect to the average rapidity of top and antitop quarks, being a suitable observable both at 
the Tevatron and the LHC. Beyond the SM contributions to the asymmetry have also been discussed 
in this conference in [|2l|], and will not be covered in this document. 



2. The charge asymmetry in the SIM 

The dominant contribution to the charge asymmetry originates from qq annihilation [^, ^. 
Specifically, it originates from the interference between the Born amplitudes for qq — )• QQ and the 
part of the one-loop correction, which is antisymmetric under the exchange of quark and antiquark 
(box and crossed box). To compensate the infrared divergences, this virtual correction must be 
combined with the interference between initial and final state radiation. Diagrams with triple gluon 
coupling in both real and virtual corrections give rise to symmetric amplitudes and can be ignored. 
The corresponding contribution to the rate is conveniently expressed by the absorptive contributions 
(cuts) of the diagrams depicted in Fig[l[ A second contribution to the asymmetry from quark-gluon 
scattering ("flavor excitation") hardly contributes to the asymmetry at the Tevatron. At the LHC, it 
enhances the asymmetry in suitable chosen kinematical regions [^. 
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(a) 



(b) 



Figure 1: Cut diagrams representing the QCD contribution to the charge asymmetry. 



Diagrams similar to those depicted in Fig. |I|, where one of the gluons has been substituted by 
a photon, also lead to a contribution to the charge asymmetry from mixed QED-QCD corrections. 
The relative factor between QCD and QED asymmetries amounts to 



Jc. 
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(2.1) 



for one quark species, and to 
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(2.2) 



after convolution with the PDFs if one considers as a first approximation that the relative impor- 
tance of uii versus dd annihilation at the Tevatron is 4 : 1. Thus, to an enhancement of nearly 
twenty percent of the QCD asymmetry, in good agreement with the more detailed numerical stud- 



ies of QlSl , [19p. At the LHC, the relative importance of uii versus dd annihilation is approximately 
2:1, thus reducing by a factor 5/7 down to 0.13. Similarly, weak contributions with the 
photon replaced by the Z boson should be considered at the same footing. However, as a con- 
sequence of the cancellation between up and down quark contributions, and the smallness of the 
weak coupling, the weak corrections at the Tevatron are smaller by more than a factor 10 than 
the corresponding QED result. For proton-proton collisions the cancellation between up and down 
quark contributions is even stronger and the total weak correction is completely negligible. 



3. Tevatron 



Assuming that the rapidities of t and t have been measured simultaneously, one defines the 
asymmetry 

N{yt>yt)-N{yt>yt) 



Att{Y) 



(3.1) 



N{yt>yt)+N{yt>yt) 

where Y = {yt +jf)/2 has been fixed. An almost flat asymmetry AfjiY) of around 8% is predicted 
at Tevatron as a function of Y (Fig. ^ left). Two versions of the integrated asymmetry have been 
introduced in Refs. [0, S, ffl]: the forward-backward asymmetry in the laboratory frame 



Mab 



N{yt > 0) -N{yt < 0) _ Njy, > 0)-N{yr > 0) 
A^(j, >0)+A^(3;, <0) N{yt>0)+N{yt>0) 



(3.2) 
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Figure 2: Pair charge asymmetry A„-(F) as a function of the mean rapidity Y = {yt +yf)/2. Solid Une: 
without cut on p", dotted/dashed Unes: with cut on p'^. 



Table 1: Predicted asymmetries in the laboratory Aiab and the ti rest frame Aff at Tevatron. Predictions 
are given also for samples with the top quark pair invariant mass m,, above and below 450 GeV, and with 
\^y\ — \yt ~ yf \ larger or smaller than one in the tt rest frame. 



laboratory 


^lab 


m,t < 450 GeV 


m,f > 450 GeV 






SM 


0.056 (7) 


0.029 (2) 


0.102 (9) 






MCFM [|] 


0.038 (6) 


tt rest frame 


Att 


Mtt < 450 GeV 


mtt > 450 GeV 


\Ay\ < 1 


|Aj| > 1 


SM 


0.087 (10) 


0.062 (4) 


0.128 (11) 


0.057 (4) 


0.193 (15) 


MCFM [|] 


0.058 (9) 


0.040 (6) 


0.088 (13) 


0.039 (6) 


0.123 (18) 



and the asymmetry in the tt rest frame 

^ _ N{yr>yf)-N{yf>yt) 
" N{yt>yt)+N{yt>yt)' 

Results for both of them in the SM are listed in Table [T[ These predictions include also the QED 
and weak (strongly suppressed) corrections. Those corrections enhance the QCD asymmetry by 



an overall factor 1.21, which is slightly different from Eq. (2.2) due to the deviation of the relative 
amount of mm and dd contributions from the simple approximation 4:1. 

In order to compare theoretical results in the SM with the most recent measurements at Teva- 
tron, predictions in Table |l| are presented also for samples with mtj larger and smaller than 450 GeV, 
and with \^y\ = \yt —yt\ larger and smaller than 1. It is also interesting to compare these results 



with those based on a Monte Carlo prediction [|8|] based on MCFM ||22|]. The enhancement factor 
of the SM result in Table |l| compared to MCFM of about 1 .5 is easily understood: a factor 1 .2 orig- 
inates from the inclusion of QED effects. Another factor of about 1.3 originates from normalizing 
with respect to the Born cross-section instead of the NLO result. Since the asymmetric part of the 
cross-section is presently known to LO only we consider the normalization to the LO cross-section 
more plausible |g g [T5|, [l|]. 
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1,, DO 0.9 fb 

DO 4.3 fb"' 
DO 5.4 fb"' 
DO (m,^<450 GeV) 5.4 fb"' 
DO (m,j>450 GeV) 5.4 fb"' 
DO (|Ay|<1) 5.4 fb"' 
DO (iAy!>1) 5.4 fb"' 

,f CDF 1.9 fb"' 

CDF 5.1 fb"' (dilepton) 
CDF 5.3 fb"' 
CDF(m,j<450 GeV) 5.3 fb"' 
CDF (m,7>450 GeV) 5.3 fb"' 
CDF (|Ay|<1) 5.3 fb"' 
CDF (|Ay|>1) 5.3 fb"' 

a, CDF 1.9 fb"' 

CDF 3.2 fb"' 

CDF 5.3 fb"' 
CDF (m,j< 450 GeV) 5.3 fb"' 
CDF (m,j> 450 GeV) 5.3 fb"' 



CMS 1.09 fb" 
CMS 1.09 fb"' 
ATLAS 0.7 fb" 



Figure 3: Summary of experimental measurements of the charge asymmetry in comparison with the SM 
theoretical predictions. The histogram represents the pull of the discrepancy for each measurement. 



A graphical illustration of the results in terms of the "pull" (measured in standard deviations) 
is shown in Fig. |3[ The systematic upward shift of all but two Tevatron results is evident. The 
highest discrepancy, as has extensively been discussed in the literature, occurs for samples with 
rritt > 450 GeV and the charge asymmetry defined in the tt rest frame. Also shown in this Figure 



are preliminary results from CMS | |23| ] and ATLAS [ [24| ] with a slight pull in the opposite direction. 

The impact of cuts on hard gluon (and photon) radiation on (F) is also shown in Fig. ^ The 
dotted and dashed curves in Fig. |2| show the effect of a cut on p'[ for values of p™^" = 10 GeV 
and 20 GeV, respectively. An increase of the asymmetry by more than a factor 1.5 in the central 
region is observed for the most restrictive choice of 10 GeV, and even a fairly loose /j™^" = 20 GeV 
modifies the asymmetry by up to a factor 1.3. 

4. LHC 

The charge asymmetry can also be investigated in proton-proton collisions at the LHC [§, |3[ 
by exploiting the small tt sample produced in annihilation of valence quarks and antiquarks from 
the sea. Since valence quarks carry on average more momentum than sea antiquarks, production 
of top quarks with larger rapidities will be preferred in the SM, and antitop quarks will be pro- 
duced more frequently at smaller rapidities. This observation suggests to define the cut-dependent 
asymmetries 

,in. X ^ N{\yr\<yc)-N{\y,\<yc) , ^ N{\yr\ > yc) - N{\yr\ > yc) 

^^^"■^ N{\yr\ <yc)+N{\yr\ <yc) ^ ^^^^ NM >yc)+N{\yj\ >yc) ' 

(4.1) 

which serve to characterize the depletion of top quarks in the central region {A^^{yc) > A™'(jc) for 



yc ^ 0-7 approximately [g, 25, 2^), and their enhancement at larger rapidities; A™ is much larger 
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Table 2: SM cut-independent charge asymmetries A,] and A,,, and integrated pair charge asymmetry 
Aj"'(l'cut = 0.7), at different LHC energies. Summary of recent measurements by CMS and ATLAS. 





A^ A-^ Af(Fcut = 0.7) 


LHC 7 TeV 
LHC 14 TeV 


0.0136(8) 0.0115(6) 0.0203 (8) 
0.0077 (4) 0.0059 (3) 0.0100 (4) 


LHC 7 TeV CMS [g] 
LHC 7 TeV ATLAS [24] 


-0.016 ± 0.030 !{] -0.013 ± 0.026 1° JJ^^ 
-0.024 ± 0.016 ± 0.023 



than AJ5 at large values of the rapidity cut yc [18]. This is because the central region is dominated 
by gluon fusion processes, while the sample with large rapidities has a larger relative content of 



qq initiated events. The statistical significance of both observables is, however, very similar [ |27| ] 
because the larger size of the asymmetry A™' with respect to AJ5 is compensated by the lower rate 
of events at larger rapidities. 



The recent CMS [ ]23[ ] and ALTAS [ |24| ] analysis have considered also the cut-independent 
charge asymmetries 



N{Arj>0)-N{Ar^<0) 
A^(A^ >0)+A^(Ar, <0) 



and 



4^ 



A^(Ay>0)-A^(Ay<0) 
A^(Ay>0)+A^(A3,<0) 



(4.2) 



where A^ = |t],| - |T7f-| and A,, = \yf\- \yt \ or yf-yf 



^ The SM predictions for the integrated asym- 



metries are hsted Table |2| for different center-of-mass energies of the LHC, together with the experi- 
mental results for = 7 TeV. Both experiments obtain negative asymmetries, although compatible 
with the SM prediction within uncertainties. New analysis with larger statistics are underway. 

Top quark production in proton-proton collisions is dominated by gluon fusion, which, in 
turn, is dominant in the central region. Conversely, quark-antiquark annihilation will be more 
enriched for events with tt at larger rapidities (and larger m,f). This suggest to employ the definition 



of Eq. (3.1), which is essentially the asymmetry in the tt rest frame, also for the present case, 
and concentrate on tt events at large rapidities. The prediction for Aff(F) is shown in Fig. ^for 
= 7 TeV (right plot). By construction, A,,-(y) is now an antisymmetric function of Y. Since 
most of the charge asymmetry is concentrated at large rapidities the statistical significance of any 
measurement will be enhanced, if the sample is restricted to larger rapidities. Let us therefore 
define the quantity 

N{yt>yt)-N{yt>yt) 



^'^^^"""'^ N{y,>y,)+N{y,>y,) 

where Y > Fcut- Theoretical predictions in the SM for A^f^ (^cut = 
QED and weak corrections amount to roughly a factor 1.1. 



(4.3) 

0.7) are presented in Table 



5. Summary 

Tevatron has shown in the last years a systematic upward discrepancy in the measurement of 
the top quark charge asymmetry with respect to theoretical predictions in the SM. These discrepan- 
cies have triggered a large number of theoretical speculations about possible contributions beyond 
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the SM. The Tevatron collaborations can still increase the statistical significance of their measure- 
ments, particularly by combining CDF and DO results. On the other hand, the LHC, due to his 
present good performance, will provide quite soon competitive and accurate measurements of this 
effect. 
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